Amino acid transformations catalyzed by a number of PLP-dependent enzymes involve abstraction of the Cα proton from an external aldimine formed between a substrate and the cofactor leading to the formation of a quinonoid intermediate. In spite of the key role played by the quinonoid intermediates in the catalysis by PLP-dependent enzymes, limited accurate information is available about their structures. We trapped the quinonoid intermediates of Citrobacter freundii tyrosine phenol-lyase with L-alanine and L-methionine in the crystalline state and determined their structures at 1.9 Å and 1.95 Å resolution, respectively, by cryocrystallography. The data reveal a network of protein−PLP−substrate interactions that stabilize the planar geometry of the quinonoid intermediate. In both structures the protein subunits are found in two conformations -open and closed, uncovering the mechanism by which binding of the substrate and restructuring of the active site during its closure protect the quinonoid intermediate from the solvent and bring catalytically important residues into positions suitable for the abstraction of phenol during the β-elimination of L-tyrosine. In addition, the structural data indicate a mechanism for alanine racemization involving two bases, Lys257 and a water molecule. These two bases are connected by a hydrogen bonding system allowing internal transfer of the Cα proton.
Tyrosine phenol-lyase (TPL)
† is a pyridoxal 5′-phosphate (PLP) dependent enzyme that catalyzes at physiological conditions the reversible hydrolytic cleavage (the β-elimination reaction) of L-tyrosine to give phenol and ammonium pyruvate (Scheme 1). In vitro this protein can catalyze a variety of reactions. In addition to the β-elimination of several β-substituted L-and Damino acids [e.g. L-Cys, L-and D-Ser (1)], their derivatives [e.g. (2) ] and compounds structurally analogous to LTyr [e.g. 1-amino-2-(4-hydroxyphenyl)ethyl phosphinic acid (3)], it also catalyzes the reversal of the β-elimination reaction (4-6), the β-substitution by phenol derivatives (7) (8) (9) , the racemization of L-and D-Ala (10) , and the irreversible half-transamination (conversion to an α-ketoacid) of some amino acids, including L-Tyr and L-Ala (11) .
S-methyl-L-cysteine, β-chloroalanine (1), and S-(o-nitrophenyl)-L-cysteine
The molecule of TPL is homotetrameric, both in solution and in the investigated crystal structures (12) (13) (14) (15) . It is composed of two catalytic dimers which are held together by intertwined N-terminal arms and a hydrophobic cluster formed in the middle of the tetramer (Fig. 1) . Each subunit can be divided into two conformationally invariant (rigid) regions connected via a flexible part. The large rigid region comprises the N-terminal arm, the large domain and few small segments of the small domain, while the small rigid region is exclusively made of the remaining part of the small domain. The active site is constructed from residues belonging to the large and small rigid regions of one subunit and the large rigid region of the second subunit of the catalytic dimer. As seen in the structure of the TPL apoenzyme (15) , the closed conformation is achieved by movement of the small and large rigid regions towards each other resulting in a closure of the active site.
The postulated mechanism of the β-elimination reaction (16) (17) and tryptophan synthase (18) .
Here we report crystal structures of two quinonoid intermediates of C. freundii TPL formed with amino acids L-Ala and L-Met and determined at 1.9 and 1.95 Å resolution, respectively. The first structure reveals the mechanism of the racemization of Ala. The second shows detailed interactions with the substrate's side chain in the closed conformation. In addition, the data reveal the network of protein−PLP−substrate interactions that stabilize the planar geometry of the quinonoid and demonstrate the essential role of the active site closure during the physiological β-elimination of L-Tyr.
MATERIALS AND METHODS

Crystallization. TPL was produced in
Escherichia coli SVS 370 cells transformed with the plasmid pTZTPL containing the TPL gene (12) and the enzyme was purified as previously described (19). Crystals of the C. freundii holo-TPL were grown at 277 K and 293 K by hanging drop vapor diffusion as described (15) . The best crystals were obtained by mixing 2 μL of the protein solution (18−20 mg/mL) containing 50 mM triethanolamine (pH 8.0), 0.5 mM PLP, 1 mM DTT with an equal volume of the reservoir solution containing 50 mM triethanolamine (pH 8.0), 0.5 mM PLP, 2 mM DTT, 0.4 M KCl, and 35−38% (w/v) PEG 5000 MME. Complexes with amino acids were prepared by soaking the lightyellow holo-TPL crystals for 5 min in the stabilization solution containing 40% (w/v) PEG 5000 MME, 50 mM triethanolamine buffer (pH 8.0), 0.25 M KCl, 0.2 mM PLP, 0.5 mM DTT and either 100 mM L-Ala or 70 mM L-Met. Crystals turned dark yellow-red during soaking and were cryo-cooled by dipping into liquid nitrogen directly from the soaking solution. L-Ala and LMet act as competitive inhibitors of TPL (20) and, when added to TPL, they predominantly form relatively stable quinonoid intermediates, both in solution (20) and in the crystal (21) . In spite of this, it was not possible to prepare quinonoid complexes by co-crystallization, and soaking times longer than 5 min considerably deteriorated crystal quality. Further details about preparation and stability of quinonoid intermediates are given in the supplemental data.
Structure Determination. Both X-ray data sets were collected at 120 K. Data for the complex with L-Ala were collected at the BW7B beamline (EMBL, Hamburg), at a wavelength of 0.862 Å using an image-plate detector (MarResearch), while the data for the complex with L-Met were collected at the BM14 beamline (ESRF, Grenoble) at a wavelength of 0.979 Å using a CCD detector (MarResearch). Data sets were processed with DENZO and SCALEPACK (22) and most other crystallographic calculations were performed using the CCP4 suite of programs (23) . Initial phasing was performed by AMoRe (24) with the apoenzyme structure [PDB ID 2EZ2; (15) ] as the search model. Models were built by COOT (25) , water molecules were added using ARP/wARP (26) and the refinement was carried out by REFMAC (27) Fig. S1 ). Models of the quinonoid molecules were generated by SKETCHER; the corresponding library files used during the refinement were generated by LIBCHECK (23) . The final models were validated using MolProbity (30) . Crystal packing contacts were analyzed by PISA (31) . Figures were generated using PyMOL (32) . Data collection and refinement statistics are given in Table 1 .
RESULTS
Crystallography.
Crystals of the quinonoid intermediates with Ala and Met were obtained by soaking holo-TPL crystals in solutions containing the corresponding amino acids, followed by cryocooling in liquid nitrogen. Owing to the significant difference in the absorption maxima of the holoenzyme and the quinonoid intermediate (~ 420 and ~ 500 nm, respectively (21, (33) (34) (35) ), it was possible to monitor the formation of the quinonoid intermediate by a dramatic change in the color of crystals, which became dark yellow-red after 20−30 s of soaking. The crystal structures of C. freundii TPL in the complex with L-Ala (TPL−Ala) and L-Met (TPL−Met) were determined at 1.9 Å and 1.95 Å resolution, respectively. The electron density maps were very clear and allowed positioning of all protein residues in both structures.
Open and Closed Conformations. As in the case of the holoenzyme, the asymmetric unit contains two protein subunits which form the catalytic dimer. Unlike holo-TPL, where both active sites are found in the open conformation (15) , in the quinonoid intermediates of both TPL−Ala and TPL−Met one subunit of the catalytic dimer (denoted by A) is found in the closed conformation while the other (B) remains in the open conformation (Fig. 2) . Positional adjustments between the small and large rigid regions, that accompany the closure of the active site during the quinonoid complex formation, result in formation of new crystal contacts (compared to those present in the crystals of holoenzyme). Interestingly, the observed main-chain conformations in both complexes are almost identical to those in the structure of the apo-TPL (15) Structure of the Quinonoid Intermediates. Previous spectroscopic studies showed that TPL forms a stable quinonoid complex in solution when incubated with L-Ala (11, (34) (35) (36) . It was also suggested that a mixture of the external aldimine and the quinonoid intermediate is formed when LMet is added to TPL in a solution (20) or in crystals (21) . The main feature by which we can differentiate between the external aldimine and the quinonoid intermediates at the current resolution is the geometry around the Cα atom of the amino acid (covalently bound to the molecule of cofactor). In the external aldimine the substrate's Cα atom is sp 3 hybridized and has a tetrahedral geometry. This is contrary to the quinonoid intermediate in which the Cα atom is sp ; its structure is essentially identical to that of the holo-TPL (15) . As the external aldimine is not observed in either of the active sites, we conclude that the 425 nm peak observed previously in absorption spectra of C. freundii TPL complexed with L-Met in solution (20) and in the crystals (21) must be ascribed to the internal and not to the external aldimine.
The analysis of B-factors and difference electron density maps shows that the closed active site of TPL−Met is not fully occupied by the quinonoid intermediate. This analysis also suggests that a minor proportion of this site is occupied by the internal aldimine. Namely, the unassigned peak of 0.16 e Å −3 (3.8σ) in the σ A -weighted |F o |−|F c | electron density map (37) is situated between Lys257 Cε and PLP C4′, in the position where the Lys257 Nζ would be in the internal aldimine complex ( Fig. 4 and supplemental Fig. S3 ). However, as in the case of the open conformation of subunit A, modeling of this intermediate was precluded due to its very low occupancy (Supplemental Data). The data suggest that the quinonoid is bound to subunit A only when the active site is in the closed conformation, while the internal aldimine (not modeled) occurs in the minor proportion of subunits that are in the open conformation. This is further substantiated by the difference electron density observed next to the −SCH 3 moiety of the Met quinonoid ( Fig. 4 and supplemental Fig. S3 ), which could be ascribed to the conformation of Phe123 in a minor proportion of the internal aldimine.
Protein Interactions with Quinonoid Molecules. The ε-amino group of Lys257 is found on the re side of the quinonoid at distances of 3.8 Å and 3.7 Å, respectively, from the Cα atom of the quinonoid in the closed and open active site conformations of TPL−Ala (Fig. 3) . The distance between these two groups is very similar (3.7 Å) in the TPL−Met complex (Fig. 4) . Thus the experimental data demonstrate that Lys257 is situated on the appropriate side of the bound substrate and, moreover, its ε-amino group is closest to the Cα atom of the quinonoid intermediate (and can come even closer by rotation around the Cδ−Cε bond). In TPL−Ala the closest entity to the Cα atom at the si side of the quinonoid is a water molecule (Wat2) found at a distance of 3.8 Å in the closed active site and 4.0 Å in the open one (Fig. 3) . Wat2 is hydrogenbonded to another water molecule (Wat3), which is situated at distances of 4.2 and 5.2 Å from the quinonoid Cα atom in the closed and open active sites, respectively. In the closed active site Wat3 is in hydrogen bonding interactions with the Thr124 hydroxyl and with the Arg381 guanidinium group (Fig. 3A) , but in the open active site the only protein residue to which Wat3 hydrogen bonds is Arg381 (Fig. 3B ). Wat2 is found farther from the Arg381 guanidinium group: at distances of 4.5 and 3.5 Å in the closed and the open active sites, respectively.
As expected, there are no water molecules at the si face of the quinonoid intermediate in TPL−Met. Instead, this space is occupied by the side chain of Met which is situated in a relatively hydrophobic environment formed by the residues Phe36, Phe123, Phe448, Phe449 and Met379 (Fig. 4) . The closest to its sulfur atom are the CZ atom of Phe449 (at 3.7 Å) and the NH1 atom of Arg381 (at 3.7 Å); interestingly Arg100, a residue which was proposed to be essential for the stabilization of the Met quinonoid intermediate (38) , is found farther away with its closest atom (NH2) positioned at a distance of 4.7 Å. The hydroxyl of Tyr71 from the adjacent subunit of the catalytic dimer is the closest protein group to the Met Cγ positioned at a distance of 3.4 Å.
In all active sites occupied by the quinonoid intermediate the phenolic hydroxyl group of Tyr71 and the ε-amino group of Lys257 are connected by a network of hydrogen bonding interactions passing through the hydroxyl group of Tyr291, the water molecule Wat1, the amide group of Gln98, the phosphate group of PLP, the guanidinium group of Arg100 and the hydroxyl groups of Ser51 and Ser254 (Figs. 3 and 4) . These interactions are critical for maintaining the conformation of Lys257 and Tyr71 side chains in the active site and define the potential route for the observed proton transfer between the Cα and Cγ atoms of the substrate (39) .
Structural Rearrangements in the Active Site. All non-covalent interactions between the PLP and the active site residues observed for the internal aldimine are preserved in the quinonoid complexes. On the formation of the external aldimine the bond between Lys257 Nζ and PLP C4′ is cleaved and a new aldimine bond between an amino acid and PLP is formed. During this transition the pyridoxal ring has to be reoriented, as predicted (40) and later confirmed by the X-ray analysis of the aspartate aminotransferase (41). Indeed, while the PLP phosphate group in quinonoid intermediates of TPL stays in essentially the same position as in the internal aldimine, the pyridoxal ring is rotated by ~20° around an imaginary axis passing approximately through its C3 and C5 atoms (supplemental Fig.  S4 ). As a result, the C4′ atom of PLP is moved from Lys257 by ~1.1 Å compared to its position in the internal aldimine. The ε-amino group of Lys257 in the quinonoid intermediates assumes a more relaxed, antiperiplanar conformation achieved by −98° rotation around the χ 4 torsion angle, resulting in its movement towards the PLP phosphate group and formation of hydrogen bonds with PLP phosphate and the side chain hydroxyls of Ser254 and Ser51 (15) . In addition to the salt bridge between the deprotonated hydroxyl of PLP (O3′) and the side chain of Arg217 observed in the internal aldimine, in the quinonoid intermediates the PLP O3′ atom makes a hydrogen bond with the side chain amide of Asn185 (Figs. 3 and 4) .
The carboxylate group of each quinonoid intermediate forms several interactions with the active site residues, including a salt bridge with the guanidinium group of Arg404 and a hydrogen bond with the hydroxyl of Thr49 (Figs. 3 and 4) . Similar interactions with Thr49 and Arg404 have been observed for the substrate analog 3-(4′-hydroxyphenyl)propanoate (HPPA) bound to C. freundii TPL (13) and also for a quasisubstrate N-(5′-phosphopyridoxyl)-L-tyrosine (PPT) in complex with the E. herbicola TPL (14) . Since the complex of TPL with HPPA resembles a Michaelis-Menten complex and the complex with PPT models the external aldimine, it appears that these interactions persist during the catalysis, from binding of the substrate to the formation of the quinonoid intermediate. (Figs. 3 and 4) . Such bridging interactions are absent in the complex of TPL with HPPA where the substrate analog is farther away and is not covalently bound to the PLP. In this complex the guanidinium group of Arg217 is hydrogen bonded only to the O3′ atom of PLP, while no interactions of either O3′ or the carboxylate group with Asn185 were observed. In the complex with PPT, the side chain of Arg217 salt bridges the O3′ atom and the carboxylate group, but Asn185 forms a hydrogen bond only with the O3′ suggesting that the hydrogen bond with the substrate's carboxylate group forms along with the quinonoid intermediate formation.
Planarity 
DISCUSSION
Mechanism of β-elimination.
Experimental observations presented here show and clarify the structural and mechanistic roles of several residues (Scheme 2). In particular, the structures show that Asn185 stabilizes the quinonoid intermediate by making hydrogen bonds bridging the O3′ atom of PLP with the carboxyl of the substrate (Figs. 3 and  4 ), in agreement with previous propositions based on mutagenesis and kinetic studies (42) . Lys257 is ideally positioned to be the base abstracting the Cα proton with its ε-amino group being within a distance of 3.7-3.8 Å. Also, it is hydrogen-bonded to the negatively charged PLP phosphate (43) and side chain hydroxyl groups of Ser51 and Ser254. These interactions facilitate the Cα proton abstraction and position the ε-amino group of Lys257 in an orientation suitable for this task. In agreement with structural observations, mutations of Ser254 to Ala and Cys significantly reduced the enzymatic activity (44) . In the structure of the Met quinonoid the Tyr71 side chain hydroxyl is the closest group to the Cγ atom of the substrate (3.4 Å) and is thus in a suitable position for donating a proton (19). Furthermore, it is hydrogen-bonded to the positively charged side chain of Arg100, both in TPL-Ala and TPL-Met (Figs. 3 and 4) . This would facilitate the proton donation by stabilizing the negatively charged phenolate formed in that process (Scheme 2). In addition to Tyr71, the side chain of the amino acid substrate is surrounded by Arg100, Phe123, Thr124, Met379, Arg381, Phe448 and Phe449 which form a tight pocket (Fig. 4) . We postulate that these residues are important for determining the specificity towards the physiological substrate. A catalytic role has been previously established only for two of these residues, Thr124 and Phe448 (45) . Finally, we note that a hydrogen bonding network connecting the ε-amino group of Lys257 and the phenolic hydroxyl of Tyr71 (Figs. 3 and 4 ) may provide the route for the observed proton transfer between the Cα and Cγ atoms of the substrate (39) . The observed 7−10% efficiency of the transfer is consistent with the number of mediating hydrogen bonds connecting the two residues.
Modeling of the physiological substrate in the active site of TPL suggests that the quinonoid intermediate with L-Tyr can be accommodated only if the active site is in the open conformation, due to unfavorable planar geometry at the Cγ atoms (15) . It is likely that such a structure, like the respective Met quinonoid intermediate, is not stable in the open conformation due to the lack of interactions between the phenolic ring of the substrate and the active site residues of the small rigid region (Phe36, Phe448, Phe449, Met379 and Arg381; Fig. 4 ). In the closed conformation, where such interactions are present, the phenol moiety may be accommodated only in the conformation corresponding to the keto-quinonoid intermediate, which, in accordance with the generally accepted chemical mechanism of TPL catalysis (Scheme 2), forms upon tautomerization of the phenol moiety into cyclohexadienone. Thus, the transition to the closed conformation of the active site may be considered as a driving force for the tautomerization. Our observations indicate that this process occurs through protonation of the Cγ atom by Tyr71 assisted by the transfer of the phenolic proton to Arg381. The following β-elimination of phenol, which is the rate-limiting stage of the whole enzymatic reaction (46) , should result from the breakdown of the stereoelectronically optimally oriented bond between the Cβ and Cγ atoms. Regeneration of aromaticity in the cyclic moiety implies the appearance of the negative charge on the oxygen atom, and the return of the proton from Arg381. The hydrophobic conditions of the closed active site should result in the phenolate anion being about 4 orders of magnitude stronger base than the guanidine (47) thus favoring such a process. Movement of the small domain towards the large one has been observed for two out of eight crystallographically independent subunits of the external aldimine complex of E. herbicola TPL with PPT (14) . However, closure of the active site in these subunits is not complete. In the reported structures of quinonoid intermediates the Cζ atom of Phe448 is closer to the ligand by 1.9 Å with respect to its position in the TPL-PPT complex.
Taken together, the structural observations indicate that the active site closure occurs after the formation of the Michaelis-Menten complex. The partial closure (as observed in the TPL−PPT complex) might occur at the stage of the external aldimine formation (Scheme 2), while the complete closure most probably occurs during or immediately after the formation of the quinonoid intermediate. Current data demonstrate that this closure protects the quinonoid molecule from the solvent and brings the catalytically important residues into appropriate positions where they can interact with the quinonoid and the emerging transitional structure. Thus the active site closure facilitates the next steps in the β-elimination mechanism, i.e. the keto-quinonoid formation and the subsequent elimination of phenol (Scheme 2), which most probably occurs in the closed active site. We suggest that after the Cβ−Cγ bond cleavage, the active site opens in order to release the products of the β-elimination reaction and to bind a new molecule of the substrate.
Mechanism of Alanine Racemization. As shown by the previous spectroscopic studies, incubation of C. freundii TPL with L-or D-Ala results in the formation of quinonoid complexes (11, 33) . Therefore, the structure of C. freundii TPL-Ala may help to deduce the Ala racemization mechanism. Since the internal return of the α-hydrogen was observed in the conversion of L-to D-Ala catalyzed by TPL (48), two possible mechanisms of the Ala racemization were suggested (35) . In the proposed single-base swinging door mechanism, the Ala quinonoid molecule would have to rotate by 180° in order to expose its other face to the fixed acid-base catalyst handling the proton abstraction/donation. This is unlikely since the quinonoid molecule is tightly bound in both closed and open active sites of the TPL-Ala. The principal manner of the cofactor binding is the same in all known TPL structures, so drastic reorientation of the PLP plane looks quite improbable. According to the second, two-base mechanism of Ala racemization, two different acid-base catalysts participate in the reaction (Scheme 3). Structural data on the TPL-Ala complex support the second, two-base mechanism and indicate that the ε-amino group of Lys257 (Fig. 3) is the most probable base which abstracts the Cα proton in the L-Ala external aldimine. For the D-Ala formation, the si face of the Cα atom in the quinonoid molecule has to be protonated. The water molecules Wat2 and Wat3 are in the most suitable position for this task and, furthermore, they could be activated by the guanidinium group of Arg381 through the hydrogen bond interactions. The observed internal return of the Cα proton could be explained by a shuttle system between Lys257 and Wat2/Wat3 realized through a hydrogen bonding network in the closed active site. This network involves PLP's phosphate group, water molecule Wat1 and side chains of Ser51, Ser254, Asn98, Arg100, Tyr291 and Tyr71 (Fig. 3) . We suggest that a molecule of D-Ala binds in the active site in the same manner as a molecule of L-Ala, but this means that the α-hydrogen atom is oriented in the exactly opposite direction (Scheme 3). In the case of D-Ala the roles of the catalytic base and acid in the racemization mechanism should be mutually interchanged with those proposed for L-Ala. These could explain a higher value of K m and a lower value of k cat observed for the racemization of DAla in comparison to those for L-Ala (35) .
A two-base mechanism of Ala racemization was also proposed for alanine racemase (49) (50) (51) where the ε-amino group of the PLP-binding lysine and the hydroxyl of Tyr situated on the opposite face of the substrate Cα act as acid/base catalysts. It should be noted, however, that in the framework of the suggested racemization mechanism the quinonoid intermediates formed with L-and D-Ala should be identical in every respect except for the position of the proton abstracted from the α-position of the bound enantiomer. Thus it is reasonable to expect the existence of only one quinonoid intermediate on the racemization reaction pathway. Meanwhile, as shown by the previous rapid kinetic studies of TPL interaction with L-and D-Ala, incubation of C. freundii TPL with L-or D-Ala results in the formation of two distinct quinonoid complexes. Interconversion of the two quinonoids, proceeding through formation of a third one, is the rate-limiting step of the racemization reaction (35) . It is likely that the observed slow rate of the interconversion is associated with the shuttle of the abstracted proton between the catalytic bases. This process should change charge distribution in the active site, and thus may be accompanied by considerable conformational adjustments. In this case the chiral environment of the quinonoid formed with D-Ala could be somewhat different, and possibly even more favorable for the protonation from the si-face than that observed in the complex with L-Ala.
The Role of the Active Site Closure. Earlier biochemical studies suggested structural rearrangements in the active site upon quinonoid formation (35) . The structures reported here show that such rearrangements lead to the active site closure and are accompanied by significant movement of the large and small rigid regions towards each other (~12 Å displacement for extreme residues; Fig. 2 ). We note that in the crystals of holo-TPL both subunits are in the open conformation, indicating that crystal contacts do not restrict domain movement (at least not in subunit A) during the closure of the active site. This notion is further supported by the observed (but not modeled) disorder of the small rigid region and the flexible parts of subunit A in the TPL-Met structure. Interestingly, the transition from holo to quinonoid structure does not result in significant changes in the crystal's unit cell dimensions (15) in spite of significant differences in crystal contacts of both A and B subunits. Moreover, different active sites' conformations (open and closed) were also found in the crystals of C. freundii apoenzyme which have very similar unit cell parameters (15) . These observations indicate that in the absence of PLP the TPL subunit can exist in both conformations and only the intersubunit interactions and interactions between two rigid regions of the same subunit determine which conformation prevails for a certain subunit of the catalytic dimer. The PLP molecule bound in the internal aldimine appears to stabilize the open conformation of the active site. This is not surprising since the first step in the enzymatic mechanism, the diffusion of the substrate molecule into the active site, must occur when it is in the open conformation. Indeed, the substrate analog HPPA, which lacks the tyrosine's amino group, is bound in the open conformation of TPL (13) . These observations may be explained by different interactions in the internal aldimine with respect to the other intermediates: e.g. in the internal aldimine Lys257 is covalently bound to the PLP, while in all other intermediates Lys257 assumes more relaxed conformation making hydrogen bonds with the PLP phosphate, Ser254 and Ser51 (Figs. 3 and 4) ; also, the orientation of the pyridoxal ring in the internal aldimine has direct influence on conformations of Phe123, Asp214, Thr216 and other neighboring residues, which in turn cause slight, but presumably important, conformational changes farther from the active site and thus effecting the intersubunit and intrasubunit (between the small and large rigid regions) interactions. We conclude that whether or not the active sites of TPL in the crystalline state stay in the open conformation, depends on the presence or absence of abovementioned protein-PLP interactions.
In the TPL-Met (as well as in the TPL-Ala) crystal the entrance into the open active site is oriented towards a channel filled by solvent and it is not hindered by neighboring protein molecules, so binding of the substrate can occur. The Met quinonoid intermediate in the closed active site is stabilized by interactions of the Met side chain with Phe36, Phe448, Phe449, Met379 and Arg381 (Fig. 4) . All of these residues belong to the small rigid region and if the active site were open, they would be too far away to interact with the Met quinonoid intermediate. It is possible that binding of the substrate with a bulky side chain (such as methionine) requires conformational adjustments of the small and large rigid regions. We cannot exclude that such conformational adjustments are restricted by crystal contacts in the case of subunit B thus preventing methionine binding in this subunit. However, observation of the two different states in the crystal structure (quinonoid and internal aldimine) correlates with solution absorption spectra (20) . The presence of both internal aldimine and quinonoid intermediate in the case of TPL−Met crystals may indicate some communication (cooperativity) between the two TPL active sites of the catalytic dimer. This is possible because each active site is composed of the residues from both subunits of the same catalytic dimer. It is possible that when one active site is closed and occupied by the quinonoid intermediate, the other active site stays in a form that prevents methionine binding.
Internal Return and Isotope Exchange of the Cα Hydrogen in TPL Reactions. It was mentioned above that racemization of Ala, catalyzed by TPL, is characterized by the internal return of the Cα hydrogen (48). Internal return of the Cα hydrogen to the leaving phenol group was also observed in the β-elimination reaction with the natural substrate, L-Tyr (39) . The present structural data show that in both cases the internal return may occur through the system of hydrogen bonds connecting the active site residues and water molecules. The observed extents of the internal return during alanine racemization (3.5%) and β-elimination reaction (7−10%) are consistent with the number of mediating hydrogen bonds connecting the Nζ of Lys257 with the water molecules Wat2 and Wat3 (alanine racemization, Fig. 3 ) and with Tyr71 (β-elimination, Fig. 4) . We note that in the closed conformation these residues and water molecules are isolated from the bulk solvent, while in the open conformation some of them are solvent accessible and thus prone to the hydrogen isotope exchange with the solvent. The rates of deprotonation-reprotonation processes (leading to the isotopic exchange) are higher than those for racemization or β-elimination reactions (35, 52) . If the isotopic exchange occurred only in the open conformation, the extents of the internal return would be significantly lower than the observed ones (39, 48) .
TPL also catalyzes the stereospecific isotope exchange of the Cα hydrogen of several L-amino acids, which occurs with the retention of the amino acid (S)-configuration. Kinetic data showed that the Cα hydrogen isotope exchange for L-Phe proceeds via a quinonoid intermediate (53) . In contrast, in the case of L-Met, an alternative mechanism of isotope exchange, not involving the quinonoid intermediate, must exist. This is because the quinonoid intermediate with L-Met is a deadend complex as indicated by the comparison of the reaction rates of the Cα proton abstraction from the external aldimine and reprotonation of the quinonoid with the rate of the Cα hydrogen isotope exchange (53) . According to this alternative mechanism the Cα hydrogen isotope exchange for L-Met occurs by a concerted mechanism (Scheme 4) involving a six-membered transition state which includes the ε-amino group of Lys257 and a water molecule (D 2 O) hydrogen bonded to it (53) . Analysis of the structure of the closed active site of TPL-Met shows that the active site does indeed contain a water molecule (Wat1 on Fig. 4 ) which could perform this task. Although this water molecule is not hydrogen bonded to the ε-amino group of Lys257 in the structure of the quinonoid intermediate, such interaction may be favored in the external aldimine. by guest on July 15, 2017 
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